Although homozygosity is well documented in mature teratomas, the genetic zygosity of ovarian immature teratomas and mixed germ cell tumors is less well studied. Ten cases of mature cystic teratomas, eleven cases of grade 2 or 3 immature teratomas, and seven cases of mixed germ cell tumors with an immature teratoma component were investigated by short tandem repeat genotyping to interrogate their genetic zygosity. DNA genotyping was informative in eight mature teratomas, seven immature teratomas and six cases of mixed germ cell tumors. Out of the eight mature teratomas, five cases showed partial or complete homozygosity (63%) with two cases demonstrating complete homozygosity (25%). Of the immature teratomas, six cases showed partial or complete homozygosity (86%) with two cases demonstrating complete homozygosity (29%). For the mixed germ cell tumors, two cases showed partial homozygosity (33%) and none displayed complete homozygosity. Long-term clinical follow-up was available for five immature teratomas (mean follow-up 110 months) and five mixed germ cell tumors (mean follow-up 66 months). None of the five patients with pure immature teratoma had a recurrence; in contrast, four out of five mixed ovarian germ cell tumors recurred between 4 months to 8 years (P = 0.048). In conclusion, both immature and mature teratomas harbor frequent genetic homozygosity suggesting a common cellular origin involving germ cells at the same developmental stage. The difference in the rate of homozygosity and tumor recurrence between pure immature teratomas and mixed germ cell tumors suggests that the two entities may involve different pathogenetic pathways and likely pursue different biological behaviors.
Mature cystic teratoma is a benign tumor of the ovary, representing 20% of ovarian tumors in adults. 1 Ovarian teratomas, by virtue of their histological appearance and common occurrence, have generated much interest in the literature. The origin of mature ovarian teratomas has been well studied through a myriad of molecular techniques, [2] [3] [4] [5] [6] [7] [8] [9] and these tumors are thought to arise from germ cells. Most commonly, mature teratomas arise from germ cells that have undergone meiosis I and display homozygosity, in contrast to other somatic cells that are heterozygous with distinct maternal and paternal alleles at a given genetic locus. The homozygosity seen in mature teratomas may be complete or partial, by virtue of crossing over events. Not all mature teratomas display a homozygous genotype; approximately 35% show a heterozygous genome arising in a premeiotic germ cell or following meiosis I failure. [6] [7] [8] Immature teratomas comprise approximately 1/3 of malignant germ cell tumors 10 and are the second most common malignant ovarian germ cell tumor. 1 Immature teratomas are thought to arise by a similar mechanism as their benign, mature counterparts; 11 however, strong supporting genetic data are lacking. A few studies have analyzed polymorphic loci in a small number of malignant teratomas and have demonstrated cases with complete or partial homozygosity, 12 including one case of an immature teratoma with complete homozygosity. 13 In contrast to these studies, others have investigated various immature tissue elements and shown that the immature component may be heterozygous in cases in which the mature component displays homozygosity. 14 Moreover, immature teratoma can be a component of a mixed malignant germ cell tumor 15, 16 as in their testicular counterpart. 17 Interestingly, studies have shown the majority of pure immature teratomas are diploid 17 and lack the 12p abnormalities that are often seen in ovarian mixed germ cell tumors, 16, 18, 19 suggesting that mixed germ cell tumors and pure immature teratomas may arise through different molecular genetic pathogeneses.
With improved molecular techniques, it is now possible to rapidly assess more informative polymorphism loci by short tandem repeat analysis than were previously available. In this study, we investigated the status of genetic zygosity by short tandem repeat genotyping in a cohort of seven pure immature teratomas, six mixed germ cell tumors with immature teratomatous component and eight mature teratomas with a goal to gain further insight into the pathogenesis of immature teratomas.
Materials and methods

Case Selection
Ten cases of ovarian mature teratomas, eleven cases of ovarian immature teratomas, and seven cases of ovarian mixed germ cell tumors with immature teratoma component were initially collected from our departmental pathology archives. Histological and immunohistochemical slides were reviewed by three pathologists (OLS, NB and PH) to confirm diagnosis, to assess grade of the immature teratomas, to confirm tumor components in the mixed germ cell tumors, to assess the histological composition of metastases, and to determine the tumor stage. Immature teratomas were graded from grade 1 (G1) to grade 3 (G3) according to a three-tiered grading system. 1, 20, 21 In brief, cases are assigned grade 1 if immature neuroepithelial tissue occupies o 1 low power field (×40) in any slide. Grade 2 is assigned if similar elements occupy 1-3 low power fields on any single slide. Tumors with 43 low power fields of immature neuroepithelial tissue on any single slide are assigned grade 3. All malignant cases were staged according to the 7th edition of the American Joint Committee on Cancer (AJCC) staging guidelines. 22 Target tissue areas for tissue genotyping were selected. Demographic and clinical followup data were obtained by review of clinical records. The study was approved by the Institutional Review Board.
Tissue Dissection and DNA Extraction
Formalin-fixed, paraffin-embedded blocks containing distinct areas of teratoma and normal tissue were selected for each case. For pure immature teratomas and mixed germ cell tumors, areas with the highest percentage of immature neuroectodermal elements were selected. One hematoxylin and eosin (H&E)-stained section and additional unstained sections were created on glass slides from the formalin-fixed, paraffin-embedded tissue blocks. Areas of teratoma and normal tissue were confirmed by H&E-stained slide review and corresponding tissues from the unstained slides were scraped with a sterile scalpel into separate microcentrifuge tubes. DNA was extracted by hydrothermal pressure method of simultaneous deparaffinization and lysis of formalin-fixed paraffin-embedded tissue followed by conventional column purification to obtain high-quality DNA. 23 
Short Tandem Repeat Genotype Analysis
Tissue genotyping using PowerPlex 16 System (Promega Corporation, Madison, WI, USA) was performed by multiplex PCR at 15 short tandem repeat loci according to manufacturer instruction. One microliter of the PCR product was mixed with 13 μl of Hi-Di and 0.5 μl sizing marker (GeneScan-500LIZ, Applied Biosystems), followed by capillary electrophoresis on an ABI3130 platform. Data collection and analysis were performed using GeneMapper software version 3.7 (Applied Biosystems, Foster City, California, USA). PCR products were identified by fluorescent color and expected size range. Normal tissue genotypes were reviewed and loci were considered informative if two distinct alleles at a given locus were observed. The informative loci were then scored to determine tumor genotype for each locus as homozygous or heterozygous if the mature or immature teratoma displayed one or two alleles at the given locus, respectively. Cases that demonstrated homozygosity at all informative loci were defined as complete homozygosity. Cases that displayed homozygosity at greater than 30% of informative loci but were not completely homozygous were defined as partial homozygosity. Cases with less than 30% homozygous loci were deemed heterozygous.
Statistical Analysis
Continuous numerical variables (eg, patient age) were analyzed by the two-tailed t-test for two independent means, while categorical variables (eg, tumor recurrence) were analyzed by two-tailed Fisher exact test. P-value of less than 0.05 was considered statistically significant.
Results
Among the initial 10 cases of mature ovarian teratomas, eleven cases of pure immature ovarian teratomas, and seven cases of mixed malignant germ cell tumors with an immature teratomatous component, informative DNA genotyping data were obtained in eight mature teratomas, seven immature teratomas, and six mixed germ cell tumors. Seven cases were excluded due to poor tissue quality or PCR amplification failure in the target tissue components (either normal tissue or teratoma).
The clinical and pathological characteristics of the twenty-one cases with informative genotyping are presented in Table 1 . The age of patients at presentation ranged from 16 to 67 years (mean = 35 years) for patients with mature teratomas, 9 to 48 years (mean = 25 years) for patients with pure immature teratomas, and 12 to 48 years (mean = 24 years) for patients with mixed germ cell tumors. The age difference between the pure immature teratoma and mixed germ cell tumor groups was not statistically significant. The tumor size ranged from 4 to 14 cm for mature teratomas, 8.5 to 38 cm for immature teratomas, and 17 to 22 cm for mixed germ cell tumors. All immature teratomas and mixed germ cell tumors were unilateral; in one case (case 1), the contralateral ovary contained a mature cystic teratoma. Seven cases had extra-ovarian tumor involvement at initial presentation (Table 1) , including three cases of pure immature teratomas and four cases of mixed germ cell tumors. The pathological stage of the cases ranged from stage IA to stage IIIC for both pure immature teratomas and mixed germ cell tumors. None of the patients with immature teratomas or mixed germ cell tumors had a prior history of malignancy.
Histologically, all seven immature teratomas were high grade-grade 2 or 3 tumors (Figures 1 and 2 ). All six mixed germ cell tumors contained a grade 3 immature teratoma component and the additional tumor components were either yolk sac tumor (five cases, Figure 3 ) or embryonal carcinoma (one case). Five mixed germ cell tumors contained predominantly teratoma component with yolk sac tumor as a minor component. One mixed germ cell tumor contained primarily embryonal carcinoma with teratoma as a minor element ( Table 1 ). The yolk sac tumor component in all relevant cases showed characteristic histological features and positive AFP immunohistochemistry. All immature teratomas and mixed germ cell tumors also contained mature teratomatous elements, although in varying proportions ( Figure 2 ). For cases with extra-ovarian involvement, the metastases consisted of mature teratoma in three cases, immature teratoma in two cases, and both immature teratoma and yolk sac tumor in one case. In one case, the extra-ovarian involvement was documented by the presence of tumor cells in a pelvic cytology specimen. teratomas displayed homozygosity with complete homozygosity in two cases and partial homozygosity in four cases. Partial homozygosity was seen in two out of six (33%) mixed germ cell tumors including one demonstrating near-complete homozygosity (case 13, Table 2 ). Complete homozygosity was not seen in any mixed germ cell tumors. As expected, five out of eight (63%) mature teratomas showed homozygosity including two cases of complete homozygosity and three cases of partial homozygosity (Table 3 ). There was no statistically significant difference in the age of patients with heterozygous teratomas (mean age = 43 years) versus those with homozygous teratomas (mean age = 30 years) for any tumor type.
One mixed germ cell tumor recurred with only mature teratoma histology (Figure 3, case 12 ). Tissue samples from both the initial diagnosis and recurrence were available for genotyping analysis. Identical partial homozygosity-with four homozygous loci among the 11 informative ones-was observed between the immature teratoma component of the primary tumor and the recurrent tumor (Figure 3) .
Long-term clinical follow-up (Table 1) was available for five immature teratomas (53 to 208 months with mean of 110 months) and five mixed germ cell tumors (3 to 196 months with mean 66 months). None of the five patients with pure immature teratoma had a recurrence. Four of five (80%) mixed ovarian germ cell tumors with available follow-up recurred with the time to recurrence varying from 4 months to 8 years (Table 1 ). The recurrent tumors were mature teratomas in two cases and immature teratoma in one case. Tumor recurrence was documented by positive cytology in one case (Table 1 ). 
Homozygosity in ovarian teratomas
The difference of recurrence rates between immature teratomas and mixed germ cell tumors is statistically significant (P = 0.048).
Discussion
The germ cell origin of mature teratoma has been well documented in the literature for nearly half a century. [2] [3] [4] [5] [6] 9 Although diploid with 46 XX karyotype in most cases, the pathogenesis of ovarian mature teratoma involves ovarian germ cells arrested at various stages of meiosis. Previous studies using various approaches including electrophoretic banding patterns, 4 enzyme polymorphisms, 5 and centromeric hetermorphisms 6 indicate that the majority of ovarian mature teratomas develop from ovarian oocytes after completion of meiosis I with failure of meiosis II, therefore containing a homozygous chromosome set that is genetically distinct from the diploid heterozygous genome in somatic cells. However, an estimated 35% of ovarian mature teratomas may arise as a result of meiosis I failure or mitotic division of premeiotic germ cells, consequently inheriting a heterozygous biallelic genome similar to that of the somatic cells. 6, 7, 24 Corroborating the existing data, in our study 63% of mature teratomas displayed partial or complete homozygosity with the remaining 37% showing heterozygosity. There was no statistical difference in patient age between heterozygous and homozygous mature teratomas.
Although genetic data are limited, a few previous studies suggested that immature teratomas have a pathogenesis similar to mature teratomas based on the presence of homozygosity. 11 A series of six immature teratomas previously revealed homozygosity in 67% 11 of tumors and a separate study showed complete homozygosity in a grade 3 immature teratoma. 13 Among 7 informative pure immature teratomas in our study, 86% revealed homozygosity including 2 cases (29%) with complete homozygosity and 4 cases (57%) with partial homozygosity. Such similar frequency of homozygosity between immature and mature teratomas implies a common pathogenesis. It is interesting to note that none of the pure immature teratoma cases recurred in our study.
Six of the seven mixed germ cell tumors with immature teratoma and yolk sac tumor or embryonal carcinoma components were successfully analyzed by short tandem repeat genotyping. Two of these cases demonstrated partial homozygosity and none showed complete homozygosity. While the difference in zygosity between mixed germ cell tumors and pure immature teratomas failed to reach statistical significance (P = 0.052), such difference in the frequency of homozygosity suggests that mixed germ cell tumors with an immature teratoma component may involve a different pathogenesis from that of pure immature teratoma. Such hypothesis is supported by previous investigations, 16, 18, 19 in which pure immature teratomas typically harbor fewer genetic alterations detectable by comparative genomic hybridization and lacked 12p abnormalities characteristically seen in mixed germ cell tumors.
Another striking difference between pure immature teratomas and mixed germ cell tumors in our study was the tumor recurrence rate. While none of the pure immature teratomas with follow-up of 53 to 208 months (mean of 110 months) recurred, four of five mixed germ cell tumors recurred 3 to 196 months (mean of 66 months) after the initial diagnosis. Such difference in tumor recurrence is statistically significant between the two tumor types (P = 0.048). Indeed, one previous study concluded that the overall survival rate of immature teratomas in pediatric population was related to the presence of yolk sac tumor component and pure immature teratoma had a very good prognosis. 25 Our finding further highlights the pathobiological difference between pure immature teratomas and mixed ovarian germ cell tumors with an immature teratoma component. Therefore, histological examination of a primary ovarian immature teratoma for the presence of yolk sac tumor and embryonal carcinoma is clinically relevant.
Immature teratomas and mixed germ cell tumors may present with extra-ovarian involvement or recurrence of exclusively mature teratomatous tissue types including so-called gliomatosis peritonei (multiple foci of mature glial tissue involving the peritoneum). In contrast to a previous study where the genetic profile of the gliomatosis was found to be different from that of the concurrent ovarian teratoma, 26 identical partial homozygosity was observed in the immature teratoma component of a mixed germ cell tumor and the mature teratomatous tissue at recurrence (case 2, Table 1 ), indicating clonal progression. Investigations into a large number of cases are warranted to assess the genetic relationship between the extra-ovarian metastasis including gliomatosis peritonei and the corresponding ovarian teratoma. Moreover, comparative genotyping studies of sacrococcygeal and CNS teratomas may provide additional insight into the pathogenesis of teratomas in general. In summary, both immature and mature teratomas harbor frequent genetic homozygosity, implying a shared cellular origin involving germ cells at the same developmental stage. The difference in the rate of homozygosity and tumor recurrence between pure immature teratomas and mixed germ cell tumors with an immature teratoma component suggests that the two entities may involve different pathogenetic pathways and likely pursue a different clinical course.
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